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Neurotransmitters are released by synaptic vesicle exocytosis at the active zone of a presynaptic nerve
terminal. In this review, I discuss the molecular composition and function of the active zone. Active zones
are composed of an evolutionarily conserved protein complex containing as core constituents RIM,
Munc13, RIM-BP, a-liprin, and ELKS proteins. This complex docks and primes synaptic vesicles for exocy-
tosis, recruits Ca2+ channels to the site of exocytosis, and positions the active zone exactly opposite to post-
synaptic specializations via transsynaptic cell-adhesion molecules. Moreover, this complex mediates
short- and long-term plasticity in response to bursts of action potentials, thus critically contributing to the
computational power of a synapse.Introduction
Synapses are intercellular junctions between a presynaptic
neuron and a postsynaptic cell, usually also a neuron. Informa-
tion arrives at a presynaptic terminal in the form of an action
potential and is transmitted to the postsynaptic cell via a chemi-
cal neurotransmitter. In a presynaptic terminal, neurotransmit-
ters are packaged into synaptic vesicles. When an action
potential opens presynaptic voltage-gated Ca2+ channels, the
neurotransmitters are released by Ca2+-triggered synaptic
vesicle exocytosis into the synaptic cleft, where they activate
postsynaptic receptors. Morphologically, synapses resemble
other intercellular junctions, with precisely opposed pre- and
postsynaptic specializations that contain electron-dense mate-
rial on their plasma membranes (Figure 1; Gray, 1963). Synaptic
vesicle exocytosis is restricted to the small section of the presyn-
aptic plasmamembrane containing this electron-densematerial,
which led to its designation as the ‘‘active zone’’ (Couteaux and
Pecot-Dechavassine, 1970). Thus, the active zone lies at the
interface between the presynaptic terminal and the synaptic
cleft, and its major function is to transform a presynaptic action
potential signal into a released neurotransmitter signal (Figure 1).
Synapses are computational devices that not only transmit
action potential-encoded information, but also transform it.
Neuronal information is often encoded by bursts or trains of
action potentials. Synapses process such action potential bursts
or trains in a synapse-specific manner that involves use-depen-
dent changes in neurotransmitter release during the burst or train
(referred to as short-term plasticity). In addition, synapses expe-
rience use-dependent long-term changes in synaptic transmis-
sion that adjust the ‘‘gain’’ of a synapse, and operate either
pre- and/or postsynaptically (referred to as long-term plasticity).
Much of the synaptic computation of information operates in
the presynaptic nerve terminal, and—as we will see below—is
executed by the active zone.
Synapses reliably differ from each other in their properties, not
only in terms of neurotransmitter type, but also in terms of basic
synaptic parameters, such as the release probability and post-
synaptic receptor composition. The mammalian brain contains
hundreds of different types of neurons, which form and receivesynapses that exhibit characteristic properties that depend
on both the pre- and the postsynaptic neuron (Koester and
Johnston, 2005). As a consequence, there are likely hundreds
of different types of synapses that operate by the same
fundamental mechanism, but exhibit distinct computational
properties.
Presynaptic active zones perform four principal functions in
neurotransmitter release. First, they dock and prime synaptic
vesicles, i.e., are an intrinsic part of the synaptic vesicle release
machinery; note, however, that SNARE and SM proteins which
are the core fusion proteins of synaptic vesicles are not enriched
in the active zone. Second, active zones recruit voltage-gated
Ca2+ channels to the presynaptic membrane to allow fast
synchronous excitation/release coupling. Third, active zones
contribute to the precise location of pre- and postsynaptic
specializations exactly opposite to each other via transsynaptic
cell-adhesion molecules. Finally, active zones mediate much of
the short- and long-term presynaptic plasticity observed in
synapses, either directly by responding to second messengers
such as Ca2+ or diacylglycerol whose production causes plas-
ticity or indirectly by recruiting other proteins that are responsible
for this plasticity. All of these functions aim to organize neuro-
transmitter release, such that presynaptic vesicle exocytosis
is performed with the requisite speed and plasticity needed
for the information transfer and computational function of
a synapse.
In the present overview, I will focus on the composition and
mechanism of action of active zones. Unfortunately, length
restrictions preclude a discussion of many important papers
and issues in the field, and I apologize for the many omissions
I am bound to commit. Despite significant progress, much about
active zones remains unknown, and I will at the end of each
section briefly discuss open questions and major challenges.
Evolution and Diversity of Active Zones
Synaptic vesicle exocytosis likely emerged evolutionarily from
nonsynaptic forms of neurosecretion that are observed in prim-
itive animals such as trichoplax or nomastella. Although these
animals lack morphologically identifiable synapses, they containNeuron 75, July 12, 2012 ª2012 Elsevier Inc. 11
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Figure 1. Location of the Active Zone in a Synapse
(A) Schematic drawing of a synapse.
(B) Electron micrograph of a conventially fixed and stained synapse in
a cultured hippocampal neuron.
(C) Electron micrograph of a phosphotungstic acid stained synapse in
a cultured hippocampal neuron to visualize pre- and postsynaptic speciali-
zations.
(B) and (C) are reproduced with permission from Kaeser et al. (2011).
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mediate the Ca2+-triggering of synaptic vesicle fusion. The emer-
gence of synapses probably depended on the evolutionary
construction of the active zone that organizes the Ca2+-trig-
gering of neurotransmitter secretion, and restricts it to a small
membrane patch opposite to a cluster of postsynaptic recep-
tors. Thus, active zones are a key component of what defines
a synapse.
In central synapses of vertebrates, active zones are disc-like
structures with a 0.2–0.5 mm diameter. Active zones are sur-
rounded by a perisynaptic zone that is functionally an intrinsic12 Neuron 75, July 12, 2012 ª2012 Elsevier Inc.part of a synapse. The perisynaptic zone is the site of synaptic
vesicle endocytosis (Brodin and Shupliakov, 2006), contains
transsynaptic cell-adhesion molecules such as cadherins
(Uchida et al., 1996) and harbors presynaptic receptors such
as endocannabinoid CB1 receptors that control neurotrans-
mitter release (Nyı´ri et al., 2005).
Different from the disc-shaped active zones of central
synapses, neuromuscular junctions contain elongated active
zones to which synaptic vesicles are attached like pearls on
a string (Harlow et al., 2001). Moreover, some sensory neurons
of vertebrates form specialized ribbon synapses that are charac-
terized by a synaptic ribbon or body that is positioned perpen-
dicular to the plane of the plasma membrane (Matthews and
Fuchs, 2010). Evolutionarily, synaptic ribbons probably arose
in vertebrates with the generation of RIBEYE, their major protein
component that represents a fusion of a novel N-terminal domain
encoded by a single large exon with another protein called
CtBP2 (Schmitz et al., 2000). Ribbon synapses contain their
characteristic synaptic ribbons in addition to standard active
zones, and the ribbons appear to function as accelerators in
the recruitment of vesicles for exocytosis (Matthews and Fuchs,
2010). Active zones of invertebrate synapses are similar to
central vertebrate synapses, except for specializations such as
the t bars in Drosophila that similar to synaptic ribbons appear
to function in recruiting vesicles to active zones (Kittel et al.,
2006). In the present discussion, due to space constraints we
will focus on the core components shared by all active zones
as far known, and only refer to more specialized features in
passing.
Functional Architecture of the Active Zone
Active zones are composed of a detergent insoluble protein
matrix that is heterogeneous in size and composition and difficult
to purify. As a result, all currently known active zone proteins
were identified based on antibodies, genetic mutations, or
protein-protein interactions.
Emerging evidence suggests that five evolutionarily con-
served proteins—RIM, Munc13, RIM-BP, a-liprin, and ELKS
proteins—form the core of active zones (Figure 2). RIM,
Munc13, and RIM-BP are multidomain proteins composed of
a string of identifiable modules, whereas a-liprin and ELKS
exhibit a simpler structure. These proteins are generally encoded
by single genes in invertebrates and bymultiple genes, often with
several splice variants, in vertebrates. The five core active zone
proteins form a single large protein complex that docks and
primes synaptic vesicles, recruits Ca2+ channels to the docked
and primed vesicles, tethers the vesicles and Ca2+ channels
to synaptic cell-adhesion molecules, and mediates synaptic
plasticity (Figure 3). Interestingly, the core active zone proteins
are not specific for active zones, or even neurons. ELKS and
a-liprins were discovered in nonneuronal cells (Serra-Page`s
et al., 1995; Nakata et al.), and RIMs, Munc13s, and RIM-BPs
are at least partially expressed in neuroendocrine and other
secretory cells, suggesting that these proteins perform addi-
tional general functions.
In addition to these five core active zone proteins, piccolo and
bassoon (two large homologous proteins) are associated in
vertebrates with active zones (tom Dieck et al., 1998; Wang
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Figure 2. Domain Structures of Evolutionarily Conserved Core Active Zone Proteins
The diagram depicts the domain structures of the five core active zone proteins and their interactions with each other and with a series of other synaptic proteins.
For each protein, isoforms generated by alternative promoters and major splice variants are also shown. Arrows indicate binding reactions. Proteins and second
messengers binding to specific sites are shown in boxes; domain designations are indicated by standard abbreviations. For C2 domains, Ca2+-binding sites are
indicated by a sphere and lack of Ca2+-binding by an ‘‘X.’’ Proteins and domains are drawn to scale. Identified C-terminal PDZ-domain binding sequences in
ELKS, Liprins, and RIMs are shown; asterisks indicate positions of the C termini of a protein. For details, see text.
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Reviewet al., 1999; Fenster et al., 2000; Limbach et al., 2011), and
proteins related to C. elegans SYD-1 are important for the
assembly of active zones in invertebrates (Hallam et al., 2002;
Patel et al., 2006; Owald et al., 2010). Other proteins are also
likely present in active zones or close to them, but the evidence
for their importance is not always strong, and only some of these
proteinswill be discussed below (e.g., CASK andPick1). Besides
these proteins, actin was suggested to be an active zone
component, but high-resolution electron microscopy (EM)
shows that actin filaments are excluded from the active zone
and the vesicle cluster (Ferna´ndez-Busnadiego et al., 2010).
Furthermore, as noted above, the plasma membrane SNARE
proteins syntaxin and SNAP-25 and the SM protein Munc18
that are components of the synaptic vesicle fusion machineryfor exocytosis (Su¨dhof and Rothman, 2009) are not enriched in
active zones but distributed all over the plasma membrane.
This may appear paradoxical given that synaptic exocytosis is
restricted to active zones but is consistent with the general
involvement of these proteins in many types of exocytosis.
RIM Proteins Are Central Organizers of Active Zones
RIMs (forRab3-interactingmolecules; Wang et al., 1997) contain
five identifiable domains (Figure 2): an N-terminal composite
domain consisting of a zinc finger surrounded by a helices,
a central PDZ domain, two C-terminal C2 domains that different
from classical C2 domains do not bind Ca2+, and a conserved
proline-rich sequence in the linker sequence between the C2
domains (Wang and Su¨dhof, 2003). Vertebrates express four
RIM genes, of which only the RIM1 and RIM2 genes produceNeuron 75, July 12, 2012 ª2012 Elsevier Inc. 13
Figure 3. Molecular Model of the Active
Zone Protein Complex and Its Relation
to the Synaptic Vesicle Fusion Machinery,
Ca2+ Channels, and Synaptic Cell-Adhesion
Molecules
The various active zone proteins and their inter-
actions are depicted schematically (see Figure 2
and the text for details).
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Reviewproteins called RIM1a and RIM2a that include all of the domains
mentioned above. The RIM1 gene contains an additional internal
promoter driving expression of RIM1b that lacks the N-terminal
a-helix of the first domain (Kaeser et al., 2008a), and the RIM2
gene contains two internal promoters driving expression of
RIM2b that lacks the entire RIM N-terminal domain, or of
RIM2g that consists of only of the second RIM2 C2B domain
preceded by a short unique sequence (Wang et al., 2000;
Wang and Su¨dhof, 2003). Finally, the RIM3 and RIM4 genes
encode only RIM3g and RIM4g isoforms, respectively, with the
same domain structures as RIM2g (Figure 2).
Genetic experiments inC. elegans andmice revealed that RIM
is essential for synaptic vesicle docking and priming (Koushika
et al., 2001; Schoch et al., 2002; Gracheva et al., 2008; Kaeser
et al., 2011; Deng et al., 2011; Han et al., 2011), for recruiting
Ca2+ channels to active zones (Kaeser et al., 2011), and for
short-term plasticity of neurotransmitter release (Schoch et al.,
2002; Castillo et al., 2002). RIM apparently performs these func-
tions in all synapses, with at least some redundancy among RIM
isoforms (Schoch et al., 2006; Kaeser et al., 2008a, 2011, 2012).
In vertebrates, RIM1a is additionally required for all types of long-
term presynaptic plasticity analyzed (Castillo et al., 2002; Huang
et al., 2005; Chevaleyre et al., 2007; Fourcaudot et al., 2008;
Pelkey et al., 2008; Lachamp et al., 2009). Some of the same
forms of plasticity were also shown to be dependent on Rab3A
(Castillo et al., 1997; Huang et al., 2005) or Rab3B (Tsetsenis
et al., 2011), suggesting that RIM1a acts in long-term plasticity
via binding to Rab3. It was initially thought that PKA-dependent
phosphorylation of RIM1a at serine-413 controls long-term plas-
ticity (Lonart et al., 2003), but knockin mice with a constitutive
alanine substitution of serine-413 exhibited normal presynaptic
LTP, ruling out this hypothesis (Kaeser et al., 2008b).
The N-terminal zinc finger of RIMs binds to the C2A domain of
Munc13-1 and ubMunc13-2, the two principal Munc13 isoforms14 Neuron 75, July 12, 2012 ª2012 Elsevier Inc.in brain (Betz et al., 2001; Dulubova et al.,
2005; Lu et al., 2006), while the a helices
surrounding the zinc finger bind to Rab3
and Rab27 in a GTP-dependent manner
(Wang et al., 1997, 2000; Fukuda, 2003).
Interestingly, the Munc13 C2A domain
forms a constitutive homodimer that is
disrupted by binding of the RIM zinc
finger, thereby producing a RIM/Munc13
heterodimer (Dulubova et al., 2005). The
heterotrimeric complex of the N-terminal
RIM domain with Munc13 and Rab3 or
Rab27 (Lu et al., 2006) links synaptic vesi-
cles to active zones in close proximity tothe priming factor Munc13 and likely accounts for the function
of RIM in synaptic vesicle docking (Gracheva et al., 2008; Kaeser
et al., 2011).
The central PDZ-domain of RIMs binds at least two proteins:
ELKS (Ohtsuka et al., 2002; Wang et al., 2002) and N- and P/
Q-type but not L-type Ca2+ channels (Kaeser et al., 2011). The
physiological importance of ELKS binding to RIMs is unclear
since the synaptic function of ELKS remains enigmatic (see
below). In contrast, the binding of the RIM PDZ-domain to
Ca2+ channels is essential for recruiting Ca2+ channels to active
zones (Kaeser et al., 2011; Han et al., 2011). Synapses express-
ing mutant RIM that lacks the PDZ-domain exhibit a selective
loss of presynaptic Ca2+ channels, with a resulting shift in the
Ca2+-dependence of release to a higher Ca2+-requirement and
a desynchronization of release (Kaeser et al., 2011). In addition
to binding directly to RIMs, Ca2+ channels are tethered to the
active zone by binding to RIM-BPs which in turn bind to RIMs
(Figure 2). Specifically, the SH3-domains of RIM-BPs interact
with proline-rich sequences of RIMs (localized between their
C2A and C2B domains) and of Ca2+ channels (in their cyto-
plasmic tails). A RIM fragment consisting of only its PDZ domain
and proline-rich sequence is sufficient to rescue the presynaptic
loss of Ca2+ channels in RIM-deficient synapses (Kaeser et al.,
2011). Together, these data suggest that Ca2+ channels are re-
cruited to active zones by a tripartite complex composed of
RIMs, RIM-BPs, and the C-terminal tails of the channels
(Figure 3).
The function of the RIM C2 domains remains poorly under-
stood. The C2B domain binds to a-liprins and synaptotagmin-1
(Schoch et al., 2002), and the C2A domain may bind to SNARE
proteins (Coppola et al., 2001), but it is unclear whether these
interactions are physiologically relevant. The C2 domains may
also bind to Ca2+ channels (Coppola et al., 2001), and the C2B
domain of RIMs modulates Ca2+ channel opening (Uriu et al.,
Neuron
Review2010; Kaeser et al., 2012). A fragment containing only the C2A
and C2B domains of RIM partly rescues the decrease in synaptic
strength observed in RIM-deficient synapses, without reversing
the loss of presynaptic Ca2+ channels, suggesting that the C2
domains of RIM perform an active function in release (Kaeser
et al., 2011). However, the nature of this function and its relation
to the biochemical activities of the C2 domains remain unknown.
RIM-BPs—Links of Ca2+Channels to RIMs
RIM-BPs are large multidomain proteins (Figure 2). Vertebrates
express three RIM-BP genes (Wang et al., 2000; Mittelstaedt
and Schoch, 2007), whereas Drosophila expresses only a single
gene (Liu et al., 2011). All RIM-BPs contain one central and two
C-terminal SH3 domains and three central fibronectin III
domains (Wang et al., 2000; Mittelstaedt and Schoch, 2007).
The sequences separating these domains lack identifiable
domains and vary among RIM-BP isoforms. RIM-BPs were
initially cloned as an anonymous cDNA (KIAA0318) and as
a protein interacting with the mitochondrial peripheral benzodi-
azepine receptor (‘‘PRAX-1’’; Galie`gue et al., 1999). However,
the latter identification may be erroneous since subsequent
studies showed that RIM-BPs are highly expressed only in brain
and not peripherally and tightly bind to RIM (Wang et al., 2000)
and to N-, P/Q-, and L-type Ca2+ channels (Hibino et al., 2002;
Kaeser et al., 2011).
The finding that RIM-BPs biochemically form a complex with
RIMs in the active zone (Wang et al., 2000), and the discovery
that RIM-BPs bind to Ca2+ channels (Hibino et al., 2002) sug-
gested that they may act to recruit Ca2+ channels to active
zones. However, the initial problem with this hypothesis was
that RIM-BPs bind nonsynaptic L-type Ca2+ channels as well
as synaptic N- and P/Q-type Ca2+ channels and thus could not
account for the specific recruitment of N- and P/Q-type Ca2+
channels to active zones (Hibino et al., 2002). This problem
was resolved when the RIM PDZ-domains were found to bind
to N- and P/Q-type but not L-type Ca2+ channels (Kaeser
et al., 2011), indicating that Ca2+ channels are recruited to active
zones by binding simultaneously to both RIM and RIM-BPs
(Figure 3). This hypothesis was not only confirmed in rescue
experiments with mutant RIM proteins showing that both inter-
actions are essential for recruiting Ca2+ channels to active zones
(Kaeser et al., 2011), but also in Drosophila experiments in which
mutations in RIM-BP were found to disrupt Ca2+ channel locali-
zation (Liu et al., 2011). The Drosophila experiments additionally
revealed that in the absence of RIM-BP, the organization of the
active zone was impaired, and the ultrastructural distribution of
the ELKS homolog Bruchpilot at active zones was altered, sug-
gesting that RIM-BPs may have additional functions besides
assisting RIM in the recruitment of Ca2+ channels. Indeed, the
fact that the loss of presynaptic Ca2+ channels in RIM-deficient
synapses can be rescued with a RIM fragment consisting only
of its PDZ-domain and RIM-BP binding sequence (Kaeser
et al., 2011) can only be explained by the assumption that
RIM-BP engages in other interactions besides binding to RIMs
and Ca2+ channels. Identifying these additional interactions of
RIM-BPs will be both challenging and exciting.
MUNC13s Mediate Vesicle Priming
The C. elegans unc-13 gene was identified as a gene encoding
a diacylglycerol-binding protein whose mutation caused an‘‘uncoordinated’’ phenotype, but nothing was known about
the localization or function of this protein (Maruyama and
Brenner, 1991). Characterization of the mammalian homologs
of UNC-13—named Munc13s—revealed that Munc13 proteins
are active zone proteins essential for synaptic vesicle priming
(Brose et al., 1995; Augustin et al., 1999).
Mammals contain fiveMunc13 genes (Brose et al., 1995; Song
et al., 1998; Koch et al., 2000). The Munc13-1, -2, and -3 genes
encode larger proteins primarily expressed in brain, while the
Munc13-4 and BAP3 genes encode smaller proteins primarily
expressed outside of brain. The Munc13-2 gene includes two
promoters that produce a ubiquitously expressed, major isoform
(called ubMunc13-2) and a brain-specific less abundant isoform
(called bMunc13-2; Figure 2; Brose et al., 1995; Song et al.,
1998). The N-terminal regions of Munc13-1 and ubMunc13-2
contain a Ca2+-independent C2A domain and a long sequence
of unknown significance, followed by a central calmodulin-
binding sequence and C1-domain. In contrast, bMunc13-2 and
Munc13-3 have a different, even longer N-terminal region
upstream of the C1 domain (Figure 2). The short Munc13
isoforms (Munc13-4 and BAP3), conversely, lack all domains
upstream of the C2B domain, placing the C2B domain at their
N terminus. In all Munc13 isoforms, the C2B domain is followed
by a large domain called the MUN domain and a C-terminal
Ca2+-independent C2C domain (Figure 2).
Munc13 proteins have two principal functions at the active
zone: to prime the SNARE/SM protein fusion machinery for
exocytosis, thus rendering synaptic vesicles fusion competent,
and to mediate short-term plasticity by regulating this priming
activity. Munc13s execute their priming function via the MUN
domain (Basu et al., 2005; Stevens et al., 2005). The MUN
domain may act to open the ‘closed’ form of the SNARE protein
syntaxin-1 (Gerber et al., 2008), thereby enabling syntaxin-1 to
form SNARE complexes (Richmond et al., 2001; Ma et al.,
2011). This function of the MUN domain may be general for regu-
lated exocytosis, since Munc13-4 is essential for cytotoxic
granule exocytosis in NK cells (Feldmann et al., 2003). Remark-
ably, a recent crystal structure of a fragment of the MUN domain
has revealed similarities of the MUN domain to tethering factors
involved in other intracellular trafficking steps, suggesting that
theMUNdomain may exert a conserved function similar to those
of other tethering factors (Li et al., 2011). Moreover, a distantly
related protein called CAPS that also has a MUN domain is
essential for dense-core vesicle priming for exocytosis and again
functions by binding to SNARE/SM protein complexes (Khod-
thong et al., 2011). How precisely theMUN interacts with SNARE
and SM proteins, however, remains unclear.
Deletion of all large Munc13 isoforms blocks synaptic vesicle
exocytosis in autapses formed by hippocampal neurons but
produces only a partial impairment of exocytosis in neuromus-
cular junction synapses (Varoqueaux et al., 2002, 2005). Thus,
it may be that different types of synapses exhibit distinct require-
ments for Munc13. Based on knockout studies, CAPS has also
been suggested to function at synapses (Jockusch et al.,
2007), but its role in synaptic exocytosis may be indirect. At
present, it is unclear whether Munc13 and CAPS are functionally
redundant, and whether Munc13 proteins are generally required
for all regulated exocytosis similar to SNARE and SM proteins.Neuron 75, July 12, 2012 ª2012 Elsevier Inc. 15
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domain homodimerizes (Dulubova et al., 2005), which inhibits
the priming function of the MUN domain (Deng et al., 2011).
Binding of the RIM zinc-finger to the Munc13 C2A domain
disrupts the homodimers, thereby activatingMunc13. As a result,
RIM-deficient synapses exhibit a severe impairment in vesicle
priming that can be rescued not only by the N-terminal RIM frag-
ment, but also by expression of mutant Munc13 that is constitu-
tively monomeric, illustrating that the function of RIMs in priming
consists of activating Munc13 (Deng et al., 2011).
In addition to the regulation of the Munc13 MUN domain by
RIMs, the MUN domain is controlled by the central signaling
domains of Munc13 that comprise a calmodulin-binding
sequence and the C1 and C2B domains (Figure 2) and that
perform essential functions in regulating release (Rhee et al.,
2002; Junge et al., 2004; Shin et al., 2010; see discussion below).
It is unknown, however, whether the N-terminal sequences of
bMunc13-2 and Munc13-3 have a regulatory role since they do
not bind to RIMs, and no function has been observed yet for
the conserved C2C domain of Munc13s. Addressing these
questions may have general implications not only for synaptic
exocytosis, but also for other forms of exocytosis, for example
cytotoxic granule exocytosis in NK cells which requires
Munc13-4 (Feldmann et al., 2003).
a-Liprins
a- and b-liprins are related proteins composed of an N-terminal
half with a predicted coiled-coil domain, and three C-terminal
SAM domains (Serra-Page`s et al., 1995). Two highly conserved
sequence motifs in the N-terminal coiled-coil region are referred
to as ‘‘liprin homology domains’’ LH1 and LH2 (Taru and Jin,
2011). The N-terminal half of a-liprins binds to itself to form
homodimers (Taru and Jin, 2011), to the RIM C2B domain
(Schoch et al., 2002), to ELKS (Ko et al., 2003a; Dai et al.,
2006), to mDiaphanous, a rho effector protein (Sakamoto
et al., 2012), and to GIT1 (Ko et al., 2003b). The C-terminal
SAM-domains, in turn, bind to b-liprins to form heterodimers
(Serra-Page`s et al., 1995), to CASK (Olsen et al., 2005), and to
LAR-type receptor phosphotyrosine phosphatases (PTPRF,
PTPRD, and PTPRS; Serra-Page`s et al., 1995). Of these interac-
tions, a-liprin binding to b-liprins, to receptor phosphotyrosine
phosphatases, to ELKS, and to itself have been functionally vali-
dated (Kaufmann et al., 2002; Ackley et al., 2005; Dai et al., 2006;
Taru and Jin, 2011; Astigarraga et al., 2010).
a-Liprins were first linked to presynaptic active zones when
a loss-of-function mutation in C. elegans a-liprin was found to
apparently increase the size of the active zone and to disrupt
synaptic vesicle accumulation (Zhen and Jin, 1999; Dai et al.,
2006), a finding that was confirmed in Drosophila (Kaufmann
et al., 2002). No studies on a-liprin function in vertebrate presyn-
aptic terminals exist, but a rich body of work in C. elegans
primarily from the Jin laboratory uncovered a fascinating interac-
tion network that links trans-synaptic cell adhesion via a LAR-
type receptor phosphotyrosine phosphatase to presynaptic
active zone assembly. Specifically, a deletion of a synaptic iso-
form of the LAR-type receptor phosphotyrosine phosphatase
PTP-3 was found to cause mislocalization of a-liprin, whereas
a deletion of a-liprin caused mislocalization of the synaptic iso-
form of PTP-3 (Ackley et al., 2005). Moreover, a gain-of-function16 Neuron 75, July 12, 2012 ª2012 Elsevier Inc.point mutation in the LH1 domain of a-liprin suppressed the
phenotype caused by a loss of SYD-1 (a rhoGAP that is essential
for synapse assembly in invertebrates, but whose vertebrate
homolog has not yet been identified; Dai et al., 2006; Owald
et al., 2010). Strikingly, the a-liprin gain-of-function mutation
increased a-liprin binding to ELKS. In addition, the ability of the
a-liprin gain-of-function mutation to rescue the syd-1 mutation
required ELKS (Dai et al., 2006), although ELKSmutations other-
wise did not appear to cause any phenotype inC. elegans (Deken
et al., 2005). Furthermore, the homodimerization of a-liprin
appears to be essential for its ability to suppress the loss-of-
function effect of syd-1mutations (Taru and Jin, 2011), suggest-
ing overall that the syd-1 loss-of-function is rescued by an a-li-
prin homodimer that exhibits increased binding to ELKS.
Together, these data established that active zone formation
with recruitment of synaptic vesicles and of LAR-type receptor
phosphotyrosine phosphatases requires a-liprin, possibly by
simultaneous binding of a-liprin to the receptor phosphotyrosine
phosphatase, RIM, ELKS, Syd-1, and itself. The data thus
suggest a model whereby a-liprin acts to link synaptic cell
adhesion to the RIM/Munc13/RIM-BP core complex that recruits
vesicles and Ca2+ channels to active zones. However, the
current understanding of a-liprins is incomplete. Many pressing
questions remain, from simple questions about the possible role
of b-liprins (see Wang and Wang, 2009; Astigarraga et al., 2010),
to complex issues such as how a-liprins exactly organize a nerve
terminal. Why does the active zone become apparently bigger in
a-liprin mutants? What is the role of the LAR tyrosine phospha-
tase activity in synapse assembly and function, if any? How do
a-liprin mutations affect neurotransmitter release, which is—
after all—what the nerve terminal does? And finally, is the a-liprin
function uncovered in C. elegans paradigmatic of its function
elsewhere? Moreover, a more fundamental biophysical descrip-
tion of the protein complexes involving a-liprins is needed, as
illustrated by the puzzling observation that the gain-of-function
a-liprin mutation in C. elegans that increases ELKS binding (Dai
et al., 2006) is in a region of the protein that in studies of mamma-
lian proteins was not involved in ELKS binding (Ko et al., 2003a).
ELKS
Of the five core active zone proteins, ELKS is themost enigmatic.
ELKS was discovered when a translocation in papillary thyroid
carcinoma was found to place the ELKS gene upstream of the
RET tyrosine kinase, thereby activating it (Nakata et al., 1999).
It was then rediscovered as a Rab6-binding protein and named
Rab6IP2 (Monier et al., 2002), and subsequently identified as
an active zone protein and renamed CAST (Ohtsuka et al.,
2002) or ERC (Wang et al., 2002). The field agreed on the original
ELKS name for the protein, although the CAST and ERC names
are still used occasionally.
ELKS consist largely of predicted coiled-coil sequences with
no apparent domain structure. The mammalian genome
contains two ELKS genes encoding structurally similar proteins,
whereasC. elegans expresses a single ELKS gene highly homol-
ogous to mammalian ELKS. Mammalian ELKS genes contain
alternative N-terminal promoters and alternatively spliced
C-terminal sequences, with a shorter C-terminal sequence that
is primarily expressed in brain and a longer C-terminal sequence
that is primarily expressed in peripheral tissues (Wang et al.,
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Drosophila expresses an ELKS fusion protein called ‘‘bruchpilot’’
(German for ‘‘crash pilot’’) that consists of an N-terminal ELKS-
related domain and a C-terminal plectin-related domain (Wagh
et al., 2006).
As documented by its repeated rediscovery, ELKS likely func-
tions in several cellular processes, and engages in multiple
protein-protein interactions (Figure 2). It binds to Rab6 in
a GTP-dependent manner, implicating it in membrane traffic
involving the trans-Golgi complex (Monier et al., 2002). Its active
zone localization was discovered by virtue of its binding to the
RIM PDZ domains (Wang et al., 2002). The C terminus of ELKS
probably also binds to other PDZ domain proteins, as described
for syntenin-1 (Ko et al., 2006), and ELKS furthermore directly
binds to a-liprins (Ko et al., 2003a; see discussion above).
Although initial overexpression and peptide injection experi-
ments suggested a major function for ELKS2 in neurotransmitter
release (Takao-Rikitsu et al., 2004), deletion of ELKS in
C. elegans and of ELKS2 in mice did not impair neurotransmitter
release (Deken et al., 2005; Kaeser et al., 2009). Interestingly,
however, ELKS was required in C. elegans for the ability of the
a-liprin gain-of-functionmutation to suppress the syd-1mutation
(Dai et al., 2006; see discussion above). This result shows that at
least for synapse formation and function under basal conditions,
the synaptic function of ELKS is dispensible. Moreover, although
acute or constitutive deletion of ELKS2 in mice did not produce
a decrease in neurotransmitter release, they caused an increase
in the readily releasable pool of synaptic vesicles (Kaeser et al.,
2009). In contrast, constitutive deletion of ELKS1 caused embry-
onic lethality in mice, suggesting that the protein is essential for
survival in a nonneuronal function (P.S. Kaeser and T.C.S.,
unpublished data).
At first glance, ELKS appears to have a more important func-
tion inDrosophilawhere deletion of bruchpilot produces a loss of
the t bars characteristic of Drosophila synapses (Wagh et al.,
2006). However, the bruchpilot deletion decreased neurotrans-
mitter release only by30% (Kittel et al., 2006). Strikingly, a dele-
tion of the 17 C-terminal residues of bruchpilot (which are part of
the plectin-homology region) impaired attachment of synaptic
vesicles to t bars in Drosophila synapses and altered synaptic
transmission, suggesting that a major contribution to bruchpilot
function is derived from the plectin-homology region (Haller-
mann et al., 2010). Overall, these studies suggest that bruchpilot
performs a double function in Drosophila synapses, with the
N-terminal ELKS component acting like a standard ELKS
protein, and the C-terminal plectin-homology region acting in
vesicle recruitment analogous to piccolo and bassoon in
mammalian synapses (see below).
Piccolo and Bassoon Provide a Presynaptic Skeleton
Primarily due to pioneering work by the Gundelfinger laboratory,
piccolo and bassoon are among the best studied presynaptic
proteins. Piccolo and bassoon are large proteins specific to
vertebrates whose major function appears to be to guide
synaptic vesicles from the backfield of the synapse to the active
zone (Mukherjee et al., 2010; Hallermann et al., 2010). Most
piccolo and bassoon sequences are homologous and are pre-
dicted to form N-terminal zinc finger domains followed by
extended coiled-coil structures without clear domain boundaries(tom Dieck et al., 1998; Wang et al., 1999). Moreover, piccolo
contains aC-terminal PDZdomain and twoC2domains.Different
from other C2 domains, the first C2 domain of piccolo undergoes
a major conformational change upon Ca2+ binding, while the
secondC2 domain does not bindCa2+ but is alternatively spliced
(Wang et al., 1999; Gerber et al., 2001; Garcia et al., 2004).
Partial knockout of bassoon causes partial lethality and
impairs neurotransmitter release (Altrock et al., 2003), whereas
deletion of piccolo has no significant effect on survival or on
neurotransmitter release in cultured neurons or in acute slices
(Mukherjee et al., 2010). In synapses with a partial loss of both
piccolo and bassoon, synaptic vesicle clusters are disrupted,
indicating a possible role for these proteins in vesicle clustering
(Mukherjee et al., 2010). Given the size of piccolo and bassoon,
the interesting C-terminal domains of piccolo, and the reactive
changes observed in bassoon knockout mice (Heyden et al.,
2011), it seems likely that the more peripheral active zone func-
tion of piccolo and bassoon will have an important role in overall
brain performance. This role may be particularly important in
specialized synapses such as hippocampal mossy fiber
synapses or retinal ribbon synapses. Among the problems in
characterizing this role, however, has been the difficulty in gener-
ating conditional knockouts and the large size of the proteins
which makes biochemical studies nearly impossible.
CASK/VELI/MINT1 Complexes
CASK is composed of an N-terminal CaM kinase-like domain
that constitutes a catalytically active, unusual protein kinase
(Mukherjee et al., 2008), and a C-terminal set of domains charac-
teristic of MAGUKs (for membrane-associated guanylate
kinases; Hata et al., 1996). CASK was discovered because its
PDZ-domain—a component of the MAGUK domains—tightly
binds to the C terminus of neurexins, thereby constituting the
first example of a ‘‘type II’’ PDZ-domain interaction (Hata et al.,
1996). In addition, the CASK PDZ-domain binds to SynCAMs
(Biederer et al., 2002), CASPRs (Spiegel et al., 2002), and synde-
cans (Hsueh et al., 1998; Cohen et al., 1998). Both CASK and its
C. elegans homolog Lin-2 form a tripartite complex with two
other PDZ-domain proteins called Velis (also namedMALS, orig-
inally discovered in C. elegans as Lin-7) and Mints (also called
Lin-10; Butz et al., 1998; Kaech et al., 1998). CASK additionally
binds in vertebrates but not in invertebrates to a-liprins (Olsen
et al., 2005; Wei et al., 2011) and to CASKIN (Tabuchi et al.,
2002). CASKIN in Drosophila interacts with LAR-type receptor
phosphotyrosine phosphatases (that in turn also bind to a-liprins
[Serra-Page`s et al., 1995]) and thus provides another possible
link of CASK to presynaptic terminals. Together, these interac-
tions create the potential for a large protein assembly that links
the core active zone components to a secondary complex
composed of CASK and its various interactors, including a
variety of putative synaptic cell-adhesion molecules.
Like a-liprins, CASK is present in both pre- and postsynaptic
specializations (Hsueh et al., 1998) but is also widely expressed
outside of brain (Hata et al., 1996). Mutations of CASK produce
a developmental phenotype in invertebrates, mice, and humans
(Hoskins et al., 1996; Atasoy et al., 2007; Moog et al., 2011) and
cause major changes in neuronal function, including a general
impairment of synaptic transmission (Zordan et al., 2005; Atasoy
et al., 2007; Sun et al., 2009; Chen and Featherstone, 2011).Neuron 75, July 12, 2012 ª2012 Elsevier Inc. 17
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role remains unclear. The CASK mutants were relatively uninfor-
mative given their complex phenotypes. It is possible that CASK
is involved in different functions performed by distinct types of
intercellular junctions. To address these questions, conditional
deletion of CASK in either only pre- or postsynaptic neurons
will be essential, as will be a better definition of the physiologi-
cally relevant protein interactions of CASK.
Membrane Proteins of Active Zones
P/Q- (Cav2.1) andN-type Ca2+ channels (Cav2.2) are localized to
active zones, and the related R-type Ca2+ channel (Cav2.3) may
also be present (Gasparini et al., 2001; Li et al., 2007). Besides
Ca2+ channels, active zones contain at least two other classes
of membrane proteins: presynaptic neurotransmitter receptors
and transsynaptic cell-adhesion molecule.
Elegant immuno-EM studies demonstrated that group III
metabotropic glutamate receptors (mGluR4, mGluR7, and
mGluR8) are concentrated in active zones (Shigemoto et al.,
1996; Corti et al., 2002; Kogo et al., 2004; Ferraguti et al.,
2005). In the hippocampus, metabotropic group III receptors ex-
pressed by pyramidal neurons are selectively targeted to
synapses formed by these neurons onto interneurons and
excluded from synapses formed by the same pyramidal neurons
onto other pyramidal neurons (Shigemoto et al., 1996). Similarly,
metabotropic group III receptors expressed by GABAergic
neurons are only enriched in the active zones of synapses
formed by these neurons onto other interneurons, but not in
synapses onto pyramidal neurons (Corti et al., 2002; Kogo
et al., 2004; Ferraguti et al., 2005). Moreover, agonists of group
III metabotropic receptors selectively suppress GABAergic
synaptic transmission at synapses formed onto inhibitory inter-
neurons, but not at synapses formed onto pyramidal neurons
(Kogo et al., 2004). Together, these results describe a novel
role for glutamate as an autoinhibitory neurotransmitter at
a subset of excitatory synapses, and as a heterosynaptic
suppressor of release at some inhibitory synapses, a role that
is likely to greatly influence synaptic transmission at these
synapses during stimulus trains. Protein interaction studies re-
vealed that metabotropic group III glutamate receptors bind to
the intracellular PDZ-domain protein PICK1, suggesting that
PICK1 may recruit these receptors to active zones (Dev et al.,
2000; Boudin et al., 2000).
Apart from group III metabotropic receptors, presynaptic
GABAB-receptors appear to be at least partly localized to active
zones (Luja´n et al., 2004). In contrast, CB1 receptors for endo-
cannabinoids are excluded from active zones, but enriched in
the perisynaptic region (Nyı´ri et al., 2005).
At present, no presynaptic cell-adhesion molecule has been
definitively localized to the active zone. Cadherins appear to
surround the active zone (Uchida et al., 1996), but two other pre-
synapic cell-adhesion molecules may be in the active zone: the
LAR-type receptor phosphotyrosine phosphatases PTPRF,
PTPRD, and PTPRS, and neurexins. For LAR-type PTPRs, their
molecular tethering to a-liprins which in turn are part of the active
zone (see Figure 3) strongly suggests a localization either in the
active zone or on the fringe of the active zone. For neurexins,
the localization of the neurexin ligands neuroligin-1 and neuroli-
gin-2 to the postsynaptic density (Song et al., 1999; Lorincz and18 Neuron 75, July 12, 2012 ª2012 Elsevier Inc.Nusser, 2010) suggests that neurexins might also localize to the
active zone opposite to the postsynaptic density.
Ultrastructure of the Active Zone
EM studies of chemically fixed and stained central synapses
showed that the active zone contains a hexagonal grid of
dense projections with intercalated vesicles (Figure 4A; Akert
et al., 1972; Pfenninger et al., 1972; Limbach et al., 2011).
Immuno-EM experiments suggested that RIM and Munc13,
arguably the two most important active zone proteins, are local-
ized between the dense projections adjacent to the plasma
membrane, whereas the cytomatrix proteins piccolo and
bassoon are more distant and appear to be attached to the tips
of the dense projections (Limbach et al., 2011). These localiza-
tions agree well with ultra high-resolution light microscopy
studies that place RIM closer to the plasma membrane than
piccolo and bassoon (Dani et al., 2010). Interestingly, ultra-high
resolution light microscopy has also been used in Drosophila to
reconstruct at least part of an active zone with the t-bar that is
characteristic for Drosophila active zones (Figure 4B; Liu et al.,
2011). EM tomography in C. elegans synapses also revealed
dense projections to which synaptic vesicles are attached
(Stigloher et al., 2011). Gratifyingly, mutations in RIM or a-liprin
disrupted the attachment of synaptic vesicles inC. elegans active
zones, consistent with the functional assignments of these
proteins described above. Together, these results support the
notion that the core complex of active zone proteins is involved
in linking synaptic vesicles, Ca2+ channels, and the fusion
machinery to each other at the plasma membrane (Figure 3).
In cryo-EM studies of unfixed and unstained synapse prepara-
tions, however, no dense projections are detectable. The only
structures visible are the plasma membrane, synaptic vesicles,
and sparse filaments that either connect vesicles to each others
(‘‘connectors,’’ average length 10 nm) or tether vesicles to the
presynaptic plasma membrane (‘‘tethers’’—5–20 nm; Landis
et al., 1988; Ferna´ndez-Busnadiego et al., 2010). No other struc-
tures are visible, even though the cytosol clearly must contain
abundant protein complexes as described above.
Is the view of the active zone obtained with fixed or with un-
fixed materials correct? It has been argued that EM with unfixed
preparations is superior to EM on chemically fixed preparations
because chemical fixatives, by their very nature, crosslink
proteins, and thus may create structures that are not normally
present (Siksou et al., 2009; Ferna´ndez-Busnadiego et al.,
2010). However, high-pressure freezing of samples is not devoid
of potential problems since it generally involves a long preincu-
bation in hyperosmotic medium, is not instantaneous, and
subjects a sample to very high pressures. Clearly the fact that
in cryo-EM images the protein complexes that are known to
mediate the functions of the active zone are invisible does not
mean these complexes are not there. Nevertheless, the dense
projections observed in chemically fixed preparations would
have been seen in cryo-EM images given their size, suggesting
that these projections represent the result of chemical fixation.
A plausible hypothesis thus is that chemical cross-linking of
the active zone core protein complexes generates these dense
projections. In order to account for the regularity and reproduc-
ibility of the dense projections, however, one has to assume that
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Figure 4. Ultrastructure of the Mammalian and Drosophila Active Zone
(A) The left and central drawing depict a schematic view of the structure of the active zone as it emerges from studies of chemically fixed synapses, shown in
a cross section (left) and top-down view (right; data from Akert et al. [1972] and Limbach et al. [2011]). The right drawing depicts a similarly schematic view of the
active zone as it emerges from cryo-EM tomography of unfixedmaterials (based on Ferna´ndez-Busnadiego et al. [2010]). The nature and sizes of key features are
explained below the drawings.
(B) Structure of the Drosophila neuromuscular active zone and t-bar as revealed by high-resolution LM (adapted with permission from Liu et al. [2011]).
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complexes, with the proteins involved in vesicle fusion and re-
cruiting Ca2+ channels (RIMs and ELKS) localized at the base
of the projections, and proteins involved in guiding vesicles to
the active zone (bassoon and piccolo) at the tip of the projec-
tions. In that sense, chemically fixed preparations reveal an
underlying organization of the active zone that is missed in the
cryo-EM studies, and the two EM approaches—EM on chemi-
cally fixed and on unfixed preparations—provide complemen-
tary insights in the organization of active zones.
How then can we interpret the results obtained with EM
studies of mutant synapses? For example, in Munc13-1 KO
mice synaptic vesicle docking appears to be normal as analyzed
by EM of chemically fixed synapses (Augustin et al., 1999) but
impaired as analyzed by cryo-EM of unfixed samples (Siksouet al., 2009). A possible interpretation of this finding is that dock-
ing analyzed with fixed samples is prone to artifacts, but the situ-
ation is not as straightforward as it seems. If in chemically fixed
samples even nondocked vesicles always appear docked, no
mutation should cause a loss of docking as analyzed by this
method. However, in chemically fixed RIM mutant synapses,
vesicles are at least partially undocked (Kaeser et al., 2011).
The fundamental problem here is that docking as defined by
EM is not a functional definition, and both EM approaches may
provide a technique-dependent limited view, with neither allow-
ing the claim of absolute conclusions.
Short- and Long-Term Synaptic Plasticity
Short-term synaptic plasticity can increase or decrease the
strength of a synaptic signal several-fold (Fioravante andNeuron 75, July 12, 2012 ª2012 Elsevier Inc. 19
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ReviewRegehr, 2011). This change dramatically alters the size of a
postsynaptic response elicited by a train of presynaptic action
potentials. Many different mechanisms of short-term synaptic
plasticity were identified, nearly all of which involve the active
zone, although in different ways.
At the most basic level, short-term plasticity of release is due
to the interplay between the buildup of residual Ca2+ and the loss
of releasable vesicles from one action potential to the next. Ca2+
entering the active zone via Ca2+ channels is buffered away
quickly, leading to Ca2+-transients of less than 1ms (Meinrenken
et al., 2003). However, during repeated action potentials, espe-
cially at frequencies of >10 Hz, residual Ca2+ accumulates
because the decay of Ca2+-transients decelerates as Ca2+-
buffers become saturated, resulting in an increase of the release
probability and thus facilitation. At the same time, vesicles
undergoing exocytosis need to be replenished. Although the
precise rate of vesicle replenishment differs among synapses
and is also regulated by Ca2+ (see discussion below), replenish-
ment of release-ready vesicles can be rate-limiting during
action-potential trains, leading to synaptic depression. Thus,
short-term plasticity due to the interplay of residual Ca2+ and
vesicle depletion depends on synapse-specific factors such as
available Ca2+-buffers, the size of the readily releasable pool of
vesicles, and the basal release probability.
A second major mechanism of short-term plasticity at the
active zone is mediated by the Ca2+- and G protein-dependent
modulation of presynaptic Ca2+ channels (Catterall and Few,
2008). Ca2+ can inhibit or activate Ca2+ channels, mediated by
several EF-hand Ca2+-binding proteins. Specifically, calmodulin
appears to both facilitate and inhibit voltage-dependent activa-
tion of Cav2.1 P/Q-type Ca2+ channels via binding to discrete
sites in the cytoplasmic Ca2+ channel tail sequences (DeMaria
et al., 2001; Lee et al., 2003). In addition, another EF-hand
Ca2+-binding protein called ‘‘calcium-binding protein 1’’
(CaBP1) increases inactivation of P/Q-type Ca2+ channels (Lee
et al., 2002), whereas a third EF-hand Ca2+-binding protein
called visinin-like protein 2 (VILIP-2) slows the rate of Ca2+
channel inactivation and enhances facilitation (Lautermilch
et al., 2005). Moreover, Ca2+ channels are powerfully inhibited
by G protein mediated mechanisms activated by presynaptic
receptors, and such inhibition can also contribute to short-term
synaptic plasticity. For example, GABAB-autoreceptors mediate
short-term synaptic depression of inhibitory synapses during
stimulus trains in insular cortex, illustrating this mode of short-
term synaptic plasticity (Kobayashi et al., 2012). However,
most G protein mediated presynaptic inhibition of release by
suppression of Ca2+ channel activation probably does not
operate via autoreceptors, but via receptors for neuromodula-
tors such as neuropeptides, endocannabinoids, acetylcholine,
and catecholamines. The most prominent example of this
process is depolarization-induced suppression of inhibition,
a form of short-term plasticity where postsynaptically released
endocannabinoids suppress presynaptic release of GABA by in-
hibiting presynaptic Ca2+ channels (Wilson and Nicoll, 2001).
This widespread mechanism also operates outside of short-
term plasticity to modulate entire neuronal ensembles, as seen
for example in the suppression of excitatory synaptic transmis-
sion at Schaffer collateral synapses in the CA1 region of the20 Neuron 75, July 12, 2012 ª2012 Elsevier Inc.hippocampus by presynaptic muscarinic receptors (Vogt and
Regehr, 2001).
In addition to short-term synaptic plasticity due to the interplay
of residual Ca2+ and vesicle depletion and to the modulation of
presynaptic Ca2+ channels, a third class of mechanisms medi-
ates short-term plasticity via direct changes in the release
machinery. Mutations in several proteins associated with the
release machinery alter short-term plasticity in a manner inde-
pendent of the first two sets of mechanisms, for example muta-
tions in synapsins (Rosahl et al., 1995), Munc13 (Augustin et al.,
1999), and RIMs (Schoch et al., 2002). Themechanisms bywhich
these mutations cause such changes are largely unclear, except
for one protein: Munc13. As we discussed earlier, Munc13 is an
active zone protein that is essential for synaptic vesicle priming,
probably because it catalyzes SNARE-complex formation via its
MUN domain, and that is directly regulated by RIM proteins.
However, Munc13 contains three additional signaling domains
that appear to regulate its MUN domain and thereby to mediate
short-term plasticity, namely its central C2B domain, C1 domain,
and a short Ca2+/calmodulin-binding sequence (Figure 5A).
The C2B domain of Munc13—the only Munc13 signaling
domain shared by all isoforms (Figure 2)—binds Ca2+ with a rela-
tively high affinity, but only in the presence of phosphatidyl-
inositolphosphates (Shin et al., 2010). Blocking of Ca2+ binding
to the C2B domain by a mutation in Munc13 dramatically
depresses neurotransmitter release during action potential
trains, suggesting that this domain serves to convert increasing
Ca2+-concentrations during stimulus trains into an increased
priming rate for synaptic vesicles (Figures 5B and 5C; Shin
et al., 2010). Rendering the C2B domain Ca2+-binding sites inde-
pendent of phosphatidylinositolphosphates by a mutation in
Munc13, conversely, produces depression during stimulus
trains because it increases the basal release probability (Figures
5B and 5C). The central C1 domain of Munc13’s binds to diacyl-
glycerol as an endogenous ligand and to phorbol esters as
a pharmacological activator (Betz et al., 1998), and its activation
also dramatically activates neurotransmitter release (Figure 5D;
Rhee et al., 2002). Again, this activation appears to normally
occur during stimulus trains since mutation of the domain
produces a change in short-term synaptic transmission (Rhee
et al., 2002). The effects of the C2B and the C1 domain likely
occlude each other, since the activating mutation in the C2B
domain decreases the effectiveness of the C1 domain activation
by phorbol esters in increasing release (Figure 5C). The third
signaling motif of Munc13’s, their calmodulin-binding sequence,
is also implicated in short-term synaptic plasticity, suggesting
that this contributes to the effects of the other two signaling
domains (Junge et al., 2004). The close proximity of three
signaling sequences in Munc13 is fascinating, as it indicates
that the three motifs may act together to integrate intracellular
Ca2+-signals, possibly by sensing different time frames, or that
they may form a computational node that is sensitive to different
types of intracellular messengers.
The active zone not only plays a dominant role in short-term
plasticity, but also in long-term plasticity. Strikingly, up to now
all forms of presynaptic long-term plasticity investigated—both
long-term potentiation (LTP) and long-term depression (LTD)—
are blocked by the constitutive knockout of RIM1a (which only
20
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Figure 5. Ca2+ Binding to the Munc13 C2B Domain Mediates Short-Term Synaptic Plasticity
(A) Schematic drawing of the signaling domain architecture of Munc13-1 and ubMunc13-2 (see Figure 2).
(B–D) Role of Ca2+-binding to the Munc13 C2B domain as analyzed in three different forms of short-term synaptic plasticity, use-dependent depression (B),
augmentation (C), and diacylglycerol-induced synaptic facilitation (D). Graphs show normalized EPSC amplitudes in autapses from neurons lacking Munc13-1
andMunc13-2, and expressing wild-type ubMunc13-2 (Munc13-2WT) or two different ubMunc13-2 mutants, namely a mutant in which the C2B domain is unable
to bind Ca2+ (Munc13-2DN), or in which the C2B domain Ca2+-binding site is activated to allow Ca2+-binding even in the absence of phosphatidylinositol-
phosphates (Munc13-2KW). Note that the activating mutation greatly increases the basal release probability in synapses, thus resulting in use-dependent
depression because readily releasable vesicles become rapidly depleted. The inactivating mutation, conversely, has no effect on basal release probability but
causes use-dependent depression and impairs augmentation because Ca2+-binding to theMunc13 C2B domain normally accelerates vesicle recruitment during
stimulus trains. Note also that the activating mutation decreases the relative efficacy of phorbol esters in enhancing release because it already enhances the
release probability, thereby partly occluding the phorbol ester effect. Modified with permission from Shin et al. (2010).
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Reviewpartly impairs basal release since all other RIM isoforms are still
present), suggesting that the amount of RIM1a available at
a synapse is crucial (Castillo et al., 2002; Chevaleyre et al.,
2007; Fourcaudot et al., 2008; Lachamp et al., 2009). Moreover,
deletions of the corresponding Rab3 isoform in a synapse
appears to also block long-term synaptic plasticity, consistent
with the notion that long-term plasticity requires the RIM/Rab3
interaction (Castillo et al., 1997; Tsetsenis et al., 2011). However,
the mechanisms by which RIM1a acts in presynaptic long-term
plasticity remain unknown.
Finally, short-term plasticity ismediated by presynaptic recep-
tors. Many terminals contain presynaptic neurotransmitter
receptors, whose role in short-term plasticity is obvious for
autoreceptors that recognize the very transmitter being released
from a terminal. However, presynaptic endocannabinoid CB1
receptors also have a major role in short- and long-term plas-
ticity, and presynaptic neuropeptide receptors may additionally
mediate short-term plasticity if they are for a neuropeptide that
is secreted by the terminal upon prolonged stimulation. Presyn-
aptic receptors usually act by inhibiting presynaptic Ca2+ chan-
nels and thus represent a major mechanism by which release
can bemodulated via a uniform pathway that overlaps with other
short-term plasticity pathways.
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